The nature of the phase transitions in La1−xCaxMnO3 and Pr0.48Ca0.52MnO3 has been probed using heat capacity and magnetisation measurements. The phase transition associated with the onset of the stripe phase has been identified as second order. The model of a Peierls transition in a disordered system (a 'dirty' Peierls transition) is shown to provide an extremely good fit to this transition. In addition, an unexpected magnetic phase has been revealed in low temperature Pr0.48Ca0.52MnO3, associated with an excess heat capacity over a wide temperature range compared to La0.48Ca0.52MnO3. [1, 2, 6] led to the suggestion that the superstructure formation was driven by charge separation and localisation at atomic sites. However, recent work has produced conflicting evidence as to the nature of the superstructure, with some studies supporting a model with charge localised at the atomic sites, but with the difference in charge between atomic sites being small [7, 8, 9, 10, 11] , and others indicating the the superstructure is not tied to the atomic sites [12, 13] . To explain the latter results, it has been proposed that the superstructure resembles a charge density wave (CDW) [12, 14] . In this paper, we find strong support for a CDW model of the superstructure in manganites.
The nature of the phase transitions in La1−xCaxMnO3 and Pr0.48Ca0.52MnO3 has been probed using heat capacity and magnetisation measurements. The phase transition associated with the onset of the stripe phase has been identified as second order. The model of a Peierls transition in a disordered system (a 'dirty' Peierls transition) is shown to provide an extremely good fit to this transition. In addition, an unexpected magnetic phase has been revealed in low temperature Pr0.48Ca0.52MnO3, associated with an excess heat capacity over a wide temperature range compared to La0.48Ca0.52MnO3. Many strongly correlated electron systems (e.g. manganites [1, 2] , cuprates [3] , nickelates [4] and cobaltites [5] ) exhibit charge ordering phenomena, in which a superstructure forms at low temperatures. The insulating nature of the compounds and the results of transmission electron microscopy (TEM) experiments [1, 2, 6] led to the suggestion that the superstructure formation was driven by charge separation and localisation at atomic sites. However, recent work has produced conflicting evidence as to the nature of the superstructure, with some studies supporting a model with charge localised at the atomic sites, but with the difference in charge between atomic sites being small [7, 8, 9, 10, 11] , and others indicating the the superstructure is not tied to the atomic sites [12, 13] . To explain the latter results, it has been proposed that the superstructure resembles a charge density wave (CDW) [12, 14] . In this paper, we find strong support for a CDW model of the superstructure in manganites.
Previous measurements of La 1−x Ca x MnO 3 with x ≥ 0.5 [15, 16, 17, 18] have observed two transitions as peaks in the heat capacity. The peak at higher temperature (T ) was attributed to critical fluctuations of the orderdisorder type associated with charge ordering [16, 18] , with a contribution at x = 0.5 from the onset of ferromagnetism (FM). The transition was identified as first order based on the hysteresis in the resistivity data [17] . The lower T peak was attributed to the transition from a paramagnetic state to an antiferromagnetic (AFM) state [15, 16, 17, 18] .
Here we use heat capacity and magnetisation measurements to gain insight into the nature of the phase transitions in manganites. ble I) but in which the superstructure has on average an almost identical wavevector [13] . The smaller size of the Pr cation is thought to lead to stronger electronphonon coupling, allowing the superstructure to lock into the lattice in around 25% of the grains [13] . The La 0.50 Ca 0.50 MnO 3 sample was chosen as it has a nominally commensurate superstructure (though small deviations are seen in TEM measurements [19] ) and so provides a contrast between commensurate and incommensurate systems. Samples were prepared by repeated grinding, pressing and sintering of appropriate oxides and carbonates in stoichiometric proportions. The carbonates were decarboxylated by heating for 12 hours at 950
• C. Each sample was reground, repelleted and heated at 1350
• C for 4 days, then reground, repelleted and reheated at 1350
• C for another 4 days. X-ray powder diffraction indicated that the samples were single phase [21] .
Heat capacity measurements were made using a Quantum Design Physical Properties Measurement System (PPMS). The accuracy of the measurements can be checked by examining the fits to the PPMS-measured decay curves. This is especially important in the region of a first order transition, where the release of latent heat can reduce the quality of the fit [22] . In order to ensure (a) shows data for La0.50Ca0.50MnO3, (b) shows data for La0.48Ca0.52MnO3, and (c) shows data for Pr0.48Ca0.52MnO3. The errors are smaller than the size of the data points. The variation of the wavevector of the superstructure wavevector with T is shown for La0.50Ca0.50MnO3 in (d) (data from [6] ) and for La0.48Ca0.52MnO3 in (e) (data from [12] ).
than the system had reached equilibrium the heat capacity measurements were taken with very dense data points (between 140 and 600 measurements made between 1.8 K and 300 K), and the system was allowed around twenty minutes to reach equilibrium at each T (decreasing the waiting period to three minutes produced substantially different data in the regions of the transitions). The long relaxation times at each T hints at pinning of the superstructure to defects in the system [23] . Magnetic susceptibility measurements were performed using a Quantum Design Magnetic Properties Measurement System. Samples with masses between 30 and 45 mg were used.
The heat capacity data for all three compounds show two transitions (see Fig. 1 ), with the transition at higher T exhibiting a much larger change in entropy than the lower transition. In order to make the transitions more visible the background was removed from the data. In the low T (1.8 K -10 K) range, heat capacity data were fitted to an equation of the form:
where β 3 , β 5 , α, δ and γ are constants, β 3 = N k . The high T data is modelled with a Debye model and an Einstein mode, where θ D has been determined from the low T data. The data were fitted with iterative reweighted least squares [25] using the Levenberg-Marquardt method [26] . This method has the advantage over the more commonly used leastsquares technique that low weights are automatically given to areas which have a poor fit to the model (so the errors are not assumed to be Gaussian). The heat capacity above background is shown in Fig. 2a,b , and c.
As can be seen from Figs. 1d, 1e, 2a and 2b the appearance of the superlattice reflections occurs at the same T as the upper transition, and the stabilisation of the value of the wavevector occurs at the same T as the lower transition. This indicates that the evolution of the superstructure is strongly linked to the phase transitions. The T s of the transitions (see Table II) 
The magnetisation data for La 0.50 Ca 0.50 MnO 3 and La 0.48 Ca 0.52 MnO 3 show an increase in magnetic moment on cooling corresponding to a transition of some proportion of the sample to FM (see Fig. 1 ). At lower T s the magnetisation falls again -this is traditionally associated with the transition to AFM [27] . In the T range between the two transitions hysteresis is observed in M-H loops (see Fig. 3 ).
The presence of an FM-AFM transition in La 0.50 Ca 0.50 MnO 3 and La 0.48 Ca 0.52 MnO 3 agrees with the suggestion of Milward et al. [14] that charge order which has not locked into its low T value will always be associated with ferromagnetism. The magnetisation is higher for La 0.50 Ca 0.50 MnO 3 than for La 0.48 Ca 0.52 MnO 3 , as predicted by Landau theory [14] .
The magnetisation for Pr 0.48 Ca 0.52 MnO 3 shows a small change in the region of the transitions. However, the magnitude of the magnetisation for Pr 0.48 Ca 0.52 MnO 3 is only 1% of that for La 0.50 Ca 0.50 MnO 3 . However, there is also a marked increase in the magnetic moment below 50 K which is not associated with any obvious features in the heat capacity data. However, the La 0.48 Ca 0.52 MnO 3 and Pr 0.48 Ca 0.52 MnO 3 heat capacity data do show a constant difference (on average 8%) in the range 20 -100 K (see Fig. 2) , with an extra entropy of 5.1 J mol −1 K −1 arising in Pr 0.48 Ca 0.52 MnO 3 relative to La 0.48 Ca 0.52 MnO 3 in this T range. Since the masses of Pr and La differ by only 1.4%, the change in the phonon contribution to the heat capacity is unlikely to have produced the large observed difference [28] . Thus there may be a magnetic phase in Pr 0.48 Ca 0.52 MnO 3 which evolves continuously between 2 and 50 K.
The calculated entropies (see Table III ) are lower by a factor of around two than those found in other studies of similar compounds [15, 29] . This difference is probably due to the fact that the entropies in Refs. [15, 29] were calculated by fitting a polynomial away from the region of the transitions, rather than using all of the data to fit a background which is smooth in the region of the transitions, as done in the present work.
We now show that the two transitions are dominated by electron-lattice effects associated with the superstructure. At the upper transition, the percentages of the total entropy are the same in La by a factor of two, although the magnetic transition has all but disappeared. Thus even the lower transition is not dominated by magnetic effects.
When passing through a first order transition, the sample should emit latent heat, producing a PPMS decay curve that cannot be well modelled by the analysis software [22] . Therefore, decay curves were examined in the regions of the transitions, but the values derived manually were the same as the values which had been determined automatically, within experimental error. This absence of latent heat at the transition is the first piece of evidence that the transitions are second order.
The second piece of evidence that the upper transition is second order is that the heat capacity peak is always asymmetric (see figure 2) . A second order transition in a very pure sample can be modelled using critical exponents; however, the breadth of the peak in this case indicated that a model including impurities must be used. Therefore the heat capacity peak above background at the transition was modelled as a Peierls transition in a system containing impurities [30] :
where χ is the magnetic susceptibility, κ imp is the inverse ionic correlation length in the presence of impurities, N = Λx 1/d and t = (T − T * )/T * . Λ is an input lengthscale determined by the impurity potential (taken to be roughly a lattice spacing), d is the system dimension, x is the impurity concentration and
−∆T . Since the low and high T limits of this function are not the same, a linear background was subtracted to enable the function to be fitted to the heat capacity above background. The fit can be made over the widest range for Pr 0.48 Ca 0.52 MnO 3 because the upper transition is well separated from the lower transition. For La 0.50 Ca 0.50 MnO 3 and La 0.48 Ca 0.52 MnO 3 the lower transition is close, and therefore the fit must be made over a narrower range. As can be seen from Fig. 4 , the model provides an extremely good fit to the data.
A lengthscale for the disorder was calculated as x The fact that this model can fit all three compounds, with similar disorder lengthscales, supports the conjecture that the transition is a Peierls transition in disordered materials. We suggest that the 'impurities' may in fact reflect the A-site cation inhomogeneity rather than chemical inhomogeneities since x-ray and neutron data indicate that the samples are single phase [13, 21] .
In conclusion, our data showed that the upper transition which has been traditionally associated with the onset of FM in x = 0.5 is in fact driven by the lattice. [15] , data for La0.25Ca0.75MnO3 taken from [29] .
The transition is second order, and can be well modelled as a Peierls transition in a disordered material. The previous conclusion that the transition was first order was based merely on hysteresis in the resistivity data [17] , rather than on the measurement of any thermodynamic quantity. Such hysteresis can be explained as being due to lossy kinetics in a CDW-like ground state with disorder [13] . Other work assumes this transition is first order [18] since the electron-phonon coupling is taken to be large. As we have shown, the electron-lattice effects are dominant, but can be well modelled as a CDW in which insulating behaviour can be produced without the need to invoke strong electron-phonon coupling. Finally, an unexpected low T magnetic phase has been found in Pr 0.48 Ca 0.52 MnO 3 which evolves continuously at low T .
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